The EGF receptor (EGFR) regulates important cellular processes including proliferation, differentiation, and apoptosis. EGFR is frequently overexpressed in a range of cancers and is associated with disease progression and treatment. Clinical studies have shown that EGFR mutations confer tumor sensitivity to tyrosine kinase inhibitors in patients with non-small cell lung cancer. In this study, we have conducted molecular dynamics simulations over several microseconds for wild-type and L858R mutant forms of EGFR in the ligand-free state. Close inspection of the conformations and interactions within the binding pocket reveals, converse to the wild type, that the mutant EGFR prefers to bind gefitinib, a targeted anticancer drug, rather than ATP, offering an explanation for why gefitinib is more effective in patients with EGFR mutations than those without.
Introduction
The EGF receptors (EGFR) are key regulators of cellular function, linking extracellular signaling to the cell-cycle machinery. Many carcinomas (1), including lung (2) and breast (3) cancers, exhibit elevated levels of EGFR and related growth factor receptors. Activation of the intrinsic EGFR kinase results in the recruitment and phosphorylation of several intracellular substrates and transduces signals through several pathways mediated by specific adaptor molecules (4) . The signaling cascade regulates cell proliferation, survival, and migration.
Mutations in the tyrosine kinase domain of EGFR have been identified in several human cancers (1, 2) . In lung cancer, the predominant mutations are a small in-frame deletion DE746-A750 at the N-terminal end of the aC-helix, and a point substitution L858R at the start of the activation loop (A-loop; ref. 2; see Fig. 1A ). They account for around 90% of all EGFR mutations in nonsmall cell lung cancer (NSCLC; ref. 2) . The numbering system hereafter includes the 24-residue signal peptide of EGFR. An alternative sequence numbering system that excludes the 24 amino acid peptide is also frequently used in the literature, in which L858R is identified as L834R, and DE746-A750 as DE722-A726. These mutations increase the activities of EGFR kinase, consequently altering the downstream intracellular signaling cascades. Most EGFR kinase domain mutations are clustered around the ATP-binding pocket of the enzyme (Fig. 1A) . They are expected to distort the binding cleft and hence the specificity and affinity of ATP (Fig. 1B) as well as drug binding. Clinical data have shown that gefitinib treatment (Fig. 1C) is significantly more beneficial for patients with NSCLC who harbor these EGFR mutations compared with those who do not (2) . Through the targeting of EGFR mutation positive patients only, one can think of gefitinib as something akin to a personalized medicine in NSCLC treatment.
Knowledge of the extensive protein kinase family, whose genes constitute about 2% of the entire human genome, has been advanced significantly, thanks to the rapid development of modern analysis techniques (5) . With the aid of multiple sequence alignments, it is possible to study sequence patterns conserved within the protein kinase superfamily and to identify sequence motifs that have biologic significance. There are other functional motifs whose presence is detected from the protein structure rather than the sequence: a combination of secondary structures called the conventional structural motif (6) , and an ensemble of noncontiguous hydrophobic residues referred to as the "unconventional structural motif" (7) . The unconventional structural motifs usually shape into spines or cores in the interior of a protein, which stabilize one of its specific conformational states (7) (8) (9) . Highly conserved hydrophobic spines and cores have been revealed within protein kinases, and are considered important for defining the catalytic state (7) . Extension of a hydrophobic spine by mutation of an adjacent residue can further strengthen the conformation selection (10) , whereas disruption of the hydrophobic spine assembly by mutagenesis destabilizes the conformation (8) .
Protein kinases present a highly conserved catalytic domain in which the ATP-binding cleft is located between the N-lobe and C-lobe (Fig. 1A) . As a consequence, a number of strategies have been pursued in designing ATP-competitive agents for multiple targets (11) . Subtle but significant differences in the binding pocket, however, make it possible to design kinase inhibitors with great selectivity (12) . Proteins exist in different conformational substates that endow them with intrinsic degrees of flexibility. The conformational plasticity of the binding site allows multiple diverse ligands to bind at a single site (13) , with differing binding affinities (14) . Proteins are able to adjust the populations of these substates as they undergo such various binding events. Ligand binding can be viewed as producing a shift in preexisting dynamic equilibria between conformational substates rather than inducing a new conformation (15) . Proteins must possess structural flexibility, both globally (via interdomain motions) and locally (through binding site rearrangements), to allow substrate access and product exit.
The existence of conformational substates was first showed directly using molecular dynamics simulations 24 years ago, on a timescale of 300 ps (16) . With the advent of increasingly powerful software and hardware, it is now possible to investigate the preexisting equilibrium of multiple conformations on a much longer, microsecond timescale (17) . In a recent article (18), we described the flexibility of EGFR in the active and inactive conformations and the effects of L858R mutation on the distribution of conformational substates. Our study was based on 4 replicas of 200 ns molecular dynamics simulations for each molecular system (18) . Access to Anton (19) has allowed us to use simulations of 10 ms to explore a much larger area of conformational space.
Materials and Methods

Molecular dynamics simulation
The simulations reported here were initiated from the final snapshots of 2 ns equilibration runs of our previous study (18) . The system configurations were converted from Amber into Mae format using Maestro, and the OPLS all-atom force field was applied (20) . Van der Waals and short-range electrostatic interactions were cut off at 9 Å ; long-range electrostatics were computed using a kspace Gaussian split Ewald method (21) , with a 64 Â 64 Â 64 grid. An additional 10 ns equilibration was conducted using Desmond (22) . Fully atomistic, explicit solvent, molecular dynamics simulations were run for both wild-type and the L858R mutant on Anton (19) at Pittsburgh Supercomputing Center generating 10 ms of trajectory for each system. All simulations were conducted in the isothermal-isobaric (NPT) ensemble with the pressure held at 1 bar and the temperature at 300 K. As a special purpose massively parallel supercomputer (19) , Anton is able to produce approximately 5.6 ms/day trajectories for the molecular systems with approximately 50,000 atoms using all of its 512 nodes.
Analyses
To assess the closeness of the conformations observed in our simulations to the active and inactive forms of EGFR, principal component analysis was conducted on the concatenated trajectories from current simulations and those from our previous study (18) . The analysis of the combined trajectory generated similar principal components to those observed previously (see Fig. 2 and assessed by the difference in volume between the protein conformation in each molecular dynamics snapshot and the same conformer with the appropriate ligand fitted into the active site. The capacity was further quantified by docking ATP and gefitinib to each snapshot of the molecular dynamics trajectories using the University of California, San Francisco (San Francisco, CA) Dock 6.5 package (23). The analyses were carried out using the Mavrino Cluster at the Center for Computational Science at University College London (London, United Kingdom). The docking poses were clustered, based on key distances between the hinge residue M793 and the nitrogen atoms in ATP/gefitinib. The numbers of "correct" bound associations were then compared, which indicated the preferences of EGFRs for the binding of ATP or gefitinib. Full details of the simulation protocol and analysis techniques used are provided in the Supplementary Information.
Results
Extensive conformations are sampled from microsecond simulations Our previous study (18) shows that the free energy landscape is rugged and populated by an ensemble of conformational isomers. In this study, long timescale simulations furnish greatly extended sampling of the landscape and explore a range of new conformational substates, indicative of the flexibility of EGFR on microsecond timescales. The ensemble of conformations produced represents a repertoire of molecular states available for the binding of either ATP or inhibitory drugs such as gefitinib.
The principal component analysis of our current and previous work (18) identifies 2 main principal components that represent the dominant motions of EGFR (Fig.  2) . The first principal component distinguishes between the active and inactive conformations of EGFR, whereas the second represents the largest movement within the active or inactive state. Both these modes involve relative motion between the C-and N-lobe, and hence affect the shape and volume of the binding cleft ( Supplementary  Fig. S1 ). The wild-type and mutant EGFRs explore similar space along the second PC, whereas the L858R mutation shifts the conformations toward states with more positive eigenvalues on the first PC (PC1 in Fig. 2 ). This motion is associated with the loss of secondary structure in the aChelix and conformational changes in the A-loop (Fig. 2) . The conformation observed is similar to that seen in crystal structures of the inactive protein kinase B (24). Nonetheless, both systems remain closer to the active rather than the inactive conformation, indicating that no transition occurs during the simulation and the conformations explored remain candidates for ligand binding. The conformational space sampled is, however, significantly extended from our previous 200 ns simulations (18) . Several stable intermediate states are reached in these simulations, after about 3 ms for wild-type and 5 ms for L858R mutant EGFR (Supplementary Fig. S1 ). It is interesting to note that the substate of the L858R mutation, around (coordinates À30, 37) on the first 2 principal components, is only reached at about 3.4 ms; the same conformation was observed in one of our previous four 200 ns simulations (18), after only 100 ns simulation. Although multiple short (ensemble) simulations have been shown to explore local conformational space more effectively (14, 25) , long timescale simulations are needed for large-scale conformational changes such as ligand binding (26) and protein folding (27) .
Wild-type and mutant EGFRs have different preferences for ATP and ligand
It is well understood that a binding event involves a repertoire of selection and adjustment processes (28) . Proteins prefer to bind a ligand whose shape and properties are highly complementary to the binding site. To quantify EGFR's preference for binding ATP or gefitinib, the capacity is defined as the percentage volume of a ligand that does not overlap with the receptor. The capacity of the binding cleft was estimated for all EGFR conformations sampled in the simulation for ATP/ligand binding. ATP and gefitinib from X-ray crystallography were fitted into the binding cleft, after aligning the residues around the cleft. As apo EGFR was used in the simulations, the binding cleft changed its shape and volume, shrinking slightly during the course of the simulations in the absence of ATP/ligand. As a result, both ATP and ligand have some degree of overlap with the protein. Nonoverlapped percentages of the ATP/ligand volumes are shown in Fig. 3 , as well as the relative binding capacity between ATP and ligand displayed as the ratio of these percentages. Results of principal component analysis on the EGFR kinase domain. Projections of molecular dynamics trajectories and the X-ray structures onto the principal planes defined by the 2 most significant principal components. Representative structures from the molecular dynamics simulations are displayed around the ATP binding site, with EGFR depicted in cyan, the A-loop in orange, the aC-helix in blue, and L858R in ball-and-stick representation. The results for 10 ms simulation of wild-type EGFR are shown in indigo and those for L858R mutation in brown. Our previous simulations (18) are included for the definition of the principal component space and are displayed in the figure for reference: black, wild type at the active state; green, wild type at the inactive state; red, L858R at the active state; blue, L858R at the inactive state; and orange, X-ray structures.
Binding clefts are inherent sites of conformational flexibility. The variations of the groove spaces for ATP/ gefitinib indicate the existence of an ensemble of substates, which can be related to the binding of multiple ligands with different sizes and shapes (13) . The cleft must open to allow access of ATP/ligands to the hydrophobic pockets within the protein's interior. The dynamic "breathing" of the binding cavity in L858R EGFR may well assist the opening of the ligand binding cleft, and hence affect the binding/releasing of ATP and inhibitors. The greater flexibility of the L858R mutant EGFR implies that it possesses a larger ensemble of conformations than the wild type. Although a more rigid protein usually indicates more selective binding, an increased number of isoforms could bind a larger range of ligands whose structures are complementary to the ensemble. The less rigid mutant EGFR has more preexisting substates that diverse ligands can target (29) . This may be the reason why the only 2 available active-state-targeted drugs, gefitinib and erlotinib (30) , are both more effective in patients with EGFR mutations than those with wild type (31) .
The extent to which the binding cleft is capable of binding ATP and gefitinib determines the preference for ligand binding and thus EGFR function. The preference is estimated here by the ratio of the relative available volumes for gefitinib and ATP. After reaching the most stable conformations, the wild-type EGFR consistently has larger relative capacity for ATP than that for gefitinib, which indicates its preference for the natural substrate over the inhibitor. In contrast with the wild-type, the L858R variant prefers gefitinib binding, as indicated by the larger relative space available in the groove. These observations are consistent with clinical studies that show that gefitinib has a greater response among patients with mutations (32) .
The capacity of EGFR for ATP/gefitinib binding was further quantified by docking studies. Preferred position and orientation of flexible ATP and gefitinib were predicted for each snapshot of the trajectories. Cluster analyses were conducted to find the most common bound positions of ATP/gefitinib from the large quantities of docked conformations. ATP and gefitinib each had one cluster that resembled their X-ray poses in the binding site (Supplementary Fig. S2 ). We designate EGFR conformations in these 2 clusters as being capable of binding the relevant ligand. The frequencies of observing binding competent conformations for ATP and gefitinib were then compared for the wild-type and mutant EGFRs (Table 1 ). Comparable numbers of conformations capable of binding ATP and gefitinib were observed for the wild-type EGFR. Although the L858R mutation does not change EGFR's binding capacity for gefitinib, it significantly decreases the preference for ATP. The docking result for ATP is in agreement with the in vitro kinase activity experiment (10) that reveals a marked increase in the Michaelis constant (Km) for ATP in the L858R mutant as compared with the wild-type EGFR. The gefitinib result is also consistent with the binding assay experiment (33) and our previous simulation (14) , in which gefitinib shows comparable binding affinities to both the wildtype and L858R mutant EGFRs. Consequently, the L858R-mutated EGFR prefers to bind gefitinib rather than ATP, which explains the efficacy of gefitinib for patients who are L858R mutation positive. The preference could be even more significant if the L858R mutant increases the binding affinity for gefitinib, as indicated in another inhibition assay experiment (10) . It should be noted that, although gefitinib does induce dramatic responses in cancer patients with L858R mutation, the occurrence of a relapse is usually detected after an initial gefitinib treatment because of the development of resistance mutations in EGFR (34) and/or other protein components of the ErbB signaling network (35) . A multiscale approach would be needed to address the complex nature of cancer and to open up new options for cancer treatment (36) . Figure 3 . Capacity of the protein cleft for ATP/ligand binding. ATP and gefitinib taken from the X-ray structures are put into the binding cleft of EGFR. The percentages of nonoverlapped volumes are compared for ATP and gefitinib. One hundred percent means ATP/ gefitinib can be allocated without any strain, whereas 0 means there is no space for them at all. The inset figure shows the relative binding preference for ATP or gefitinib, which is inverted between wildtype and mutant EGFRs. Residues in a hydrophobic spine form a conserved spatial structure that is referred to as the unconventional structural motif (7) . A regulatory spine (R-spine) is observed in all eukaryotic protein kinases (8) in which hydrophobic residues assemble together to connect the Nand C-lobes. The R-spine is well preserved in the wildtype simulation, and is anchored to the aF-helix (Fig. 1A) through a conserved aspartate residue (D896; Fig. 4A ).
There is a second hydrophobic spine found in the wild-type simulation, referred to as an N-lobe spine (N-spine) here as it is built from residues in the N-lobe. It serves to stabilize the p-loop, the N-terminal end of the aC-helix, and the N-terminal region of the A-loop. The L858 residue sits in the middle of this spine (Fig. 4A) . The N-spine forms the roof of the binding cleft and stabilizes its conformation. The A-loop residues H870 and E872 form hydrogen bonds with residues T751 and S752 at the N-terminal end of the aC-helix, which further stabilize these conformations ( Supplementary Fig. S3 ).
L858R mutation disturbs the hydrophobic spines
From a structural standpoint, comparison of the wild-type EGFR to its L858R variant counterpart illustrates their variabilities (37) . It has been shown that mutation of the spine residues leads to increased flexibility of local and global conformations of proteins (9) . Residue L858 lies in the middle of the N-spine and the change from leucine to arginine introduces a bulky, charged residue. The mutation completely destroys the N-spine, and also detaches the R-spine from the aF-helix (Fig. 4B) . The conformational changes also separate the A-loop and the N-terminal of the aC-helix, breaking the hydrogen bonds between them (Fig. 4) . The loss of hydrophobic spines and electrostatic interactions makes the L858R mutant more flexible ( Supplementary Fig. S3 ), which is expected to assist the binding and release of some ligands.
It is interesting to note that another predominant mutant, the deletion DE746-A750 (2), is located adjacent to T751 and S752 (Fig. 4A) . This deletion mutation leads to the shortening of a segment that adjoins the aC-helix and is likely to interrupt the electrostatic interactions between the N-lobe and the aC-helix (Fig. 4A) . In the region spanning from E746 to I759, some deletion mutations (38) involve the residues T751 and S752 and hence directly remove the electrostatic interactions between N-and Clobes, as shown in Fig. 4 . The lack of hydrogen bonds may well increase the flexibility of the binding site and affect ATP/ligand binding.
Conclusions
Protein structure and flexibility are key to understanding ligand binding, upon which drug design paradigms are built. Although mutations rarely change global structures significantly, they can cause important variations within the local structure and flexibility around functional sites. Although L858R variant EGFR has a very similar X-ray structure to the wild-type, it confers substantially enhanced clinical responses to gefitinib in patients with NSCLC. As gefitinib is an ATP Figure 4 . A, the R-spine (yellow) and N-spine (green) are well preserved in the simulations of wild-type EGFR. The R-spine is anchored by an aspartic acid (D896, purple) into the aF-helix and traverses both lobes. The N-spine links one end of the b-sheet to the N-terminal end of the A-loop, of which the L858 residue (green, solid surface) sits in the middle. The deletion mutation DE746-A750 is displayed in cartoon representation (red). The inset figure shows the 2 hydrogen bonds formed within the A-loop (orange) and the N-terminal end of the aC-helix, between T751 and H870, and between S752 and E872 (colored by atom type: carbon, cyan; oxygen, red; nitrogen, blue, and hydrogen, white). The spines and hydrogen bonds stabilize the conformations of wild-type EGFR. B, L858R mutation introduces a charged arginine residue (ball-and-stick, with transparent surface), which disturbs the N-spine (green) and detaches the R-spine (yellow) from the aF-helix (anchor residue D896, purple). The positions of the residues T751, H870, S752, and E872 are displayed in pink. The lack of hydrophobic and electrostatic interactions confers dynamic "breathing" on the conformation.
competition tyrosine kinase inhibitor, the favorable response indicates L858R mutant EGFR preferentially binds the inhibitor over ATP. In the absence of any ligands, the EGFR binding cleft is dynamic, shifting among various substates. Comparison of the simulations for the wild-type and L858R mutant EGFRs provides an explanation for the mechanism of gefitinib efficacy. The L858R mutation provides a series of conformational states that are more capable of binding gefitinib than ATP. The L858R mutation disrupts the hydrophobic spines found in the wild-type, enabling larger interlobe movement. The resultant changes in the shape and volume of the binding cleft alter the accessibility of the cleft for different ligands, favoring the binding of gefitinib over ATP. The drug efficacy of the DE746-A750 mutation may also be related to interlobe mobility through disruption of the hydrogen bonds between 2 lobes.
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